This paper deals with a forced vibration of strongly coupled subsystems. A theoretical and practical approach is proposed to obtain targets of the subsystem's vibration properties which fulfill the target of whole system. The approach is an application of transfer function synthesis method and provides a procedure to analyze the compliance of subsystems at connecting points for setting the natural frequency and reducing the internal forces. A new concept of kernel dynamic stiffness and kernel vector is introduced to understand vibration transmission in the analysis of the compliance at connecting points. This approach is applied to vehicle noise issue induced by road roughness (road noise) in the frequency range of 80Hz and 150Hz on macpherson strut type suspension. The results show effectiveness of this approach and present guideline of the suspension design for road noise.
Introduction
Computer Aided Engineering (CAE) is widely employed for studying the noise and vibration of automobile with the aim of shortening the time of vehicle development and improving the efficiency (1) . In this CAE a Full Vehicle Model (2) is used, which models faithfully the actual vehicle with finite element method. Thus, it reproduces phenomena on the desktop to aid in design studies. This results in minimizing the evaluation work of prototype vehicle, which ordinarily requires a considerable amount of time. In addition, it enables simultaneous studies of a large number of automotive components in order to optimize the function and performance of the entire vehicle.
For the purpose of this study, CAE of noise and vibration provides useful information in various views of point through calculating of the entire structure (whole system). Furthermore optimization calculations (3) , which find solutions meeting conflicting issues, are available. Useful information means as follows: vibration modes, sensitivities for design variables, strain/kinetic energy distribution that represents the contribution of the substructure (subsystem) on the entire structure, and transmission force of vibration (4) .
These pieces of information and calculation methods are useful in most cases. However, they may end up in a localized optimization study, because design variables are studied based primarily on a known initial structure or its calculation results. The above mentioned approaches are insufficient in the case of gaining overall prospect, such as in a design policy or guideline that is required in the early stage of development. Although a procedure (4) for analyzing between substructures is proposed, which assigns the target of the whole system to the subsystem properties, this procedure also is not sufficient because it is limited to an estimation of performance and a qualitative check of vibration coupling. To achieve a more efficient study and design, new information and analysis procedures are required. One of the authors has been working on an approach to find subsystem properties that fulfill the target of the whole system on automotive suspension vibration, developing a numerical model that uses modal analysis for the purpose of studying improvements in the noise and vibration performance of automobiles (2) (5) (6) . Based on these past works, this paper proposes new indices to handle the transmission and coupling of vibration between subsystems in a quantitative manner. Subsystem properties will be investigated overall with these indices, and the procedures for reaching their determination will also be discussed.
The resultant approach will be applied to road noise, which is an important quality aspect on noise and vibration of automobile, and its effectiveness will be verified.
Analysis method
As even complex structure can be replaced with a multi-level composition of two substructures, a procedure for analyzing the vibration coupling relationship of a vibration system is presented on two subsystems. The analysis aims at a study of designing of the vibration transmission at the natural frequency of the whole system from standpoints of stiffness and inertia. In this study the transfer function synthesis method (7) is used to analyze the transmission of vibration from a subsystem to another subsystem. Figure 1 shows the composition of the entire vibration system. The object of the analysis is a response on the subsystem 2 ( 2 # ), when the vibration of the subsystem 1 ( 1 # ), which is excited by the external force vector F g with the angular frequency f ω , is transmitted to the subsystem 2 through massless connecting elements. The response vector 2 # a A of the point sequence a on 2 # , which means a sequence of analytical degree of freedom (DOF), can be given by Eq.(1) based on the transfer function synthesis method (8)(9) .
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2-1 Kernel dynamic stiffness matrix
( 1 ) where the bold letters indicate the vectors and matrices. In the equation, transmission matrix #2 ab H on the individual 2 # represents the response of the point sequence a to the force vector of the point sequence b , compliance matrix #1 tg
The damping in ker K may be ignored for making ease the study of stiffness and inertia. Then, the eigenvalue i λ can be divided into positive term + i λ and negative term i λ − , which are related to the stiffness and inertia of the connecting point.
Regarding ω as the undamped natural angular frequency of the whole system, det( ) 
where abs( / ) − + ≡ σ λ λ , considering the relationship of Eq.(7). Equation (8) will diverge as a result of the denominator (1 ) −σ is 0. The extent of its divergence is measured by κ , which can be defined as an index related to the degree of transmitting or coupling of vibrations. As there is damping practically, the response would not diverge. Nevertheless, we will evaluate the vibration transmission properties with κ in this paper. Setting Ψ as a dimensionless vector, κ can be called a kernel dynamic stiffness value because κ has a stiffness dimension, and hence Ψ will be named a kernel vector.
Properties of subsystems will be investigated by A by the term (1 ) −σ related to divergence.
A will be separated into properties of each subsystem 1 # , 2 # and whole system as follows, which makes the analysis easy. 
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As κ is determined by summing the inverse of each diagonal term of ker G , the smallest term among the diagonal terms influences largely κ . This suggests that it is important to focus first on the smallest term when making change of κ .
2-4 Contribution analysis of subsystems
We will show a procedure for deriving the contribution of subsystems to the vibration transmission properties of Eq. (11) and also the natural frequency of whole system. The contribution will first be investigated by decomposing the eigenvalue λ related to κ into the compliances of #1 and 2
# and stiffness at the connection. From the formulation of λ with Ψ and ker G in Eq. (5), we obtain the following equation:
The second term ω . Therefore, κ must be analyzed in accordance with the following three cases:
Case b: if
Case c: if
On the occasion of analyzing a vibration system with multi-DOF subsystems, modal modeling of the subsystems can make easy to find out effective actions. The reason is that compliance for each mode can be finely classified into whether it provides stiffness or inertial function. The compliance may be positive or negative depending on whether the natural frequency of the mode is higher or lower than the noticed frequency.
An element of response vector G weight the elements of the external vector g F , and they rank the "point of force acting" which influences largely excitation of vibration. Thus, the major vibration transmission paths are identified.
Application to the reduction of road induced noise
Road noise is a noise of automobile that is excited by the roughness of the road (10) , The reduction of road noise, also wind noise, will remain an issue even after the noise excited by engine is reduced, such as on hybrid or electric cars (11) . Road noise is related to tire and suspension which have a large influence upon driving stability and ride comfort as the basic functions of vehicle. Because this presents a considerable difficulty in ensuring performance, design guidelines should be clearly established during the early stage of development. Therefore, for the purpose of making improvements in road noise, the present vibration coupling analysis procedure is applied to the vibration analysis of entire suspension structure in order to derive its design guideline. The entire suspension structure denotes a composition of a suspension and tire/wheel.
3-1 Road noise for the object
The following two types of road noise in different frequency ranges are studied. The first phenomenon is a noise that is created in the cabin interior when a vehicle travels over a joint of the road (cleat), bump, or a poorly paved road. It has a frequency of around 80Hz and applies pressure to the ears as shown by red in Fig.2 . The upper graph in Fig.2 shows the result of frequency analysis on every second in the time history. The interior noise is caused by tire/wheel, where the front wheel (denoted by Front at the lower graph in Fig.2 ) travels over a cleat at the time indicated by the left arrow and is followed by the rear wheel (denoted by Rear) traveling over the cleat at the right arrow time. As shown by Mode 1 in Fig.3 (a) , both the tire/wheel and damper displace in the fore-aft and vertical directions of the vehicle. Accordingly, the vibrations of the suspension parts can be presumed to be relatively strongly coupled. The second phenomenon is a steady, annoying interior noise of around 150Hz, which occurs when the vehicle travels over a roughly paved road. It has the frequency characteristics as shown in Fig.4 . The vibration of the whole suspension system increases at the peak frequency of the sound pressure level. As shown by Mode 2 in Fig. 3 (b) , the top end of the damper is displaced in the lateral direction of the vehicle, and the damper bends over all span. The tread of the tire is deformed in the lateral direction, and the wheel is displaced rotationally around the fore-aft axis of the vehicle in the opposite direction of the damper. This may show that the vibrations of the damper and the wheel are coupled. 
SPL dB(A)
Driver
3-2 Evaluation procedure and vibration model for road noise
To limit the object of our analysis to the entire suspension, the compliance of automotive suspension bushing is considered to be greater than that of the body and suspension arm where the bushing is inserted. Namely the vibration coupling between body and the entire suspension is assumed as weak. Therefore, the interior noise level is simply evaluated by the product of body acoustic sensitivity H by force F that is transmitted from suspension to body. The force F is calculated by using the suspension grounded. The body acoustic sensitivity H is obtained by measurement of sound pressure P at the passenger's ear point a when forces F in the vehicle's fore-aft, lateral, and vertical directions are applied to the suspension installation positions (d: damper, l: lower arm) , and the results are shown in Figs.5 and 6. In this numerical study, the evaluation of the road noise quality is conducted on the transmitted force F to body, taking the actual measurement of the body acoustic sensitivity H into consideration.
The finite element model used for calculation (6) is shown in Fig.7 . The external force consists of the force shown in Fig.8 , which acts on the tire so that it excites the entire suspension vibrations of Mode 1 and Mode 2 in Fig.3 . The whole system is divided at the axle bearing by taking account of the number of the connection DOF, the responsibility of parts/components development, and the ease for separating vibration properties. The whole system is divided into two subsystems denoted by the suspension subsystem ( #S ) and tire/wheel subsystem ( #T ) shown in Fig.9 . In the calculation of the compliance, high-order modes are sufficiently adopted to ensure the accuracy near the anti-resonance. Phase deg Fig.3 (a) and the body acoustic sensitivities in Fig.5 are large. Figure 10 shows the contributions of the axle forces to the fore-aft transmitted force to body R is a major cause why the fore-aft transmitted force to body is large. Figure 13 shows the tire/wheel subsystem axle displacement
is maximum at the two natural frequencies of the tire/wheel subsystems shown in Fig.14, and minimum , and then it is found that they nearly satisfy the conditions for the natural frequency in Eq.(14) at 82Hz and 78Hz as shown in Fig.15 . Therefore, for the purpose of studying the reduction of # ,
F , the two natural frequencies of the whole suspension systems can be approximated with two compliances in the x and z directions.
In Fig.15 have decreased approximately by 20dB in the 140Hz range, just as the authors intended. In the 130Hz range, slight decrease in the axle force and transmitted force to body was confirmed.
Conclusions
New indices that can quantitatively analyze the transmission and coupling of vibrations between subsystems have been proposed for the purpose of fulfilling the vibration targets in the whole system. Moreover, this paper describes an approach for studying these indices and subsystem properties from the viewpoint of the vibration of the overall system, and applies this approach to reducing road noise. The results obtained are summarized as below.
(1) A new concept of kernel dynamic stiffness valueκ , which is calculated based on the compliances at the connecting points between subsystems, has been adopted in order to quantitatively study the transmission and coupling of vibrations connected at multiple points. Two DOFs connection analysis which uses this procedure, consists of two stages, that is, the determination of the natural frequency based on observations of the force transmissibility of the suspension subsystem and the displacement of the axle, and the selection of compliance components that determine the natural frequency of the whole system and the transmitted force. (2) The effectiveness of the analysis procedure has been verified through its application to the road noise in the 80Hz and 150Hz ranges on macpherson strut type suspension.
